A B S T R A C T We previously reported that putative nuclear receptors for thyroid hormone can be demonstrated by incubation of hormone either with intact GH1 cells, a rat pituitary tumor cell line, or with isolated GH1 cell nuclei and rat liver nuclei in vitro.
A B S T R A C T We previously reported that putative nuclear receptors for thyroid hormone can be demonstrated by incubation of hormone either with intact GH1 cells, a rat pituitary tumor cell line, or with isolated GH1 cell nuclei and rat liver nuclei in vitro.
We characterized further the kinetics of triiodothyronine (T3) and thyroxine (T4) binding and the biochemical properties of the nuclear receptor after extraction to a soluble form with 0.4 M KCI. In vitro binding of [lI]T3 and ['I]T4 with GH1 cell and rat liver nuclear extract was examined at 0C and 370C. Equilibrium was attained within 5 min at 370C and 2 h at 0C.
The binding activity from GH1 cells was stable for at least 1 h at 370C and 10 days at -200C. Chromatography on a weak carboxylic acid column and inactivation by trypsin and Pronase, but not by DNase or RNase, suggested that the putative receptor was a nonhistone protein. The estimated equilibrium dissociation constants (Kd) for hormone binding to the solubilized nuclear binding activity was 1.80 x 10-10 M (T3) and 1.20 X 10" M (T4) for GH1 cells and 1.57 X 10`" M (T3) and 2.0 X 10' M (T4) for rat liver. These Kd values for T3 are virtually identical to those which we previously reported with isolated rat liver nuclei and GH1 cell nuclei in vitro.
The 10-fold greater affinity for T3 compared to T4 in the nuclear extract is also identical to that observed with intact GH1 cells. In addition, the ['I]T3 and ['I]T4 high-affinity binding in the nuclear extract were inhibited by either nonradioactive T3 or T4, which suggests that the binding activity in nuclear
INTRODUCTION
The thyroid hormones regulate a wide variety of biological processes in virtually all tissues of higher organisms (1) . Because of the significant effect of Lthyroxine (T4) 1 and L-triiodothyronine (T3) on stimulating tissue oxygen consumption, the mitochondria was long thought to be the primary locus of action of the thyroid hormones (2) . The observations that the thyroid hormones play an important role in mammalian cell differentiation and growth, (3) and in amphibian metamorphosis (4) support the concept that the diverse biologic effects of these hormones may result from a primary effect on the control of gene expression (5) .
We have previously reported that T3 and T4 induced a threefold increase in the rate of growth of GH1 cells, a rat pituitary tumor cell line, in culture (6) . This effect occurred at physiologic hormone levels, and the estimated free hormone concentrations inducing a half-maximal biologic effect were 0.8 X 10' M for T3 and 1 X 10' M for T4 (6) . Studies on the binding of [5I]T3 and ['5I]T4 after incubation of hormone with intact cells demonstrated high-affinity saturable binding sites in the cell nucleus (7, 8) . The estimated equilibrium dissociation constants (Kd) were 2.9 X 10' M for T3 and 2.5 X 10' M for T4 (7, 8) . These affinities were sufficiently similar to the hormone concentrations that induced a half-maximal biologic effect to suggest that these nuclear binding activities functioned as receptors for the thyroid hormones.
This description of high-affinity saturable nuclear binding sites for the thyroid hormones in GH1 cells is similar in nature to the observations of Oppenheimer, Koerner, Schwartz, and Surks after injection of ['lI]T3 into intact rats (9) .
We first reported that putative nuclear receptors for thyroid hormone could be demonstrated in vitro by incubation of ['I]T3 directly with isolated nuclei of GH1 cells (7, 8) and rat liver (10) . The estimated Kd for ['I]T3 binding in vitro was 1.65 X 10-" M for GH1 cell nuclei and 2.1 X 10-" M for rat liver nuclei (10) . The total number of estimated T3 binding sites per nucleus (8, 000) , determined in vitro with GH1 cell nuclei and rat liver nuclei, were also identical to that determined by incubation of ['I]T3 with intact GH1 cells (10) . This suggested that [1I]T3 associated with the same nuclear binding moiety in whole cells as with isolated rat liver and GH1 cell nuclei in vitro.
Surks, Koerner, Dillman, and Oppenheimer reported that after injection of ['I]T3 into rats the hormone that bound to nuclear sites in vivo could be dissociated as a hormone-macromolecular complex with 0.4 M KCI (11) . These investigators reported that the nuclear binding activity determined after in vivo injection of ['1I]T3 was a nonhistone protein (11) . The nuclear binding activity once dissociated from nuclei, however, did not associate with ['5I]T3 in vitro (11) .
We have extended our in vitro studies and have re- cently reported that ['I] T3 can associate with saturable binding sites in nuclear extracts of GH1 cells, rat liver, and kidney in vitro (12) . In this paper, we characterized the in vitro kinetics and affinity of T3 and T4 binding and the biochemical properties of the putative nuclear receptors after extraction to a soluble form with 0. the use of Triton X-100, contained less than 1% intact cells and were free of cytoplasmic contamination as estimated by phase contrast microscopy and staining with aceto-orcein. The high affinity saturable nuclear binding activity for T3 was not altered by isolation with Triton X-100, and the magnitude of saturable binding was similar to nuclei isolated by centrifugation with 2.2 M sucrose (8) . The isolated GHL cell nuclei had a protein/DNA ratio of approximately 2.0 and an RNA/DNA ratio of approximately 0.25. In contrast, the protein/DNA ratio of whole cells was 10.0, and the RNA/DNA ratio was 2.0. The yield of nuclei was approximately 80-90%o as estimated by DNA determination.
Protein, DNA, and RNA were determined as previously described (16, 17, 18) . 1,000,000 GH1 cells contain 13.0 lig DNA.
Preparation of rat liver nuclei. Rat liver nuclei were prepared from hypothyroid Sprague-Dawley rats as previously described (10) . Male rats, thyroidectomized approximately 8-12 wk before the study, were killed by subluxation of the cervical spine. Approximately 0.3-0.5 g of liver was excised, minced in 4VC STM buffer, homogenized in at least 10-15 vol of STM buffer at 5,000 rpm, and then centrifuged at 800 g for 10 min. The homogenate pellet was suspended in STM-Triton buffer with a loose pestle at 2,000-3,000 rpm and centrifuged again. This treatment with STM-Triton buffer was repeated two additional times. This procedure prepared rat liver nuclei free of cytoplasmic contamination and intact cells as determined by phase contrast microscopy and aceto-orcein staining (10) . The rat liver nuclei had a protein/DNA ratio of approximately 3.0 and an RNA/DNA ratio of approximately 0.35 (10, 19) . This compares to whole liver in which the protein/DNA ratio was approximately 30, and the RNA/DNA ratio was 3.8.
Conditions for solubilizing the nuclear-binding activity. To determine the optimal salt concentration for dissociation of the thyroid hormone binding activity from nuclei, intact GH1 cells were incubated with ['I]T3 (1 X 10-1°M) with and without a 100-fold molar excess of nonradioactive T3 as previously described (8) . After a 2-h incubation, the nuclei were prepared as described above. Expressed per 100 ,ug DNA, the nuclei prepared from cells incubated with [ Separation of bound and free hormone. For studies with nuclear extract or cytosol at 0 C, the bound and free ['"I]hormone were quantitated after separation at 40C on 0.9 X 4.0-cm columns (2.5 ml) of Sephadex G-25 (fine) preswollen with STM buffer at 37°C. The entire sample was applied to the column and then eluted with 1.5 ml of 00C STM buffer to separate the bound and free hormone.
The separation was simplified by the fact that the free hormone rapidly binds to Sephadex (12, 13) which permits easy separation of the hormone bound to the nuclear or cytosol binding activity. The eluted bound hormone and the free hormone that remained on the column were quantitated with a gamma spectrometer. Trichloroacetic acid (0.5 ml of 3.0 M) was added to the eluted bound hormone fraction to precipitate protein. The eluted sample was then centrifuged at 8,000 g for 20 min to collect the protein precipitate for quantitation (16) . Approximately 90% of the protein applied to the column was recovered in the eluted fraction. With control samples containing only extraction buffer, less than 0.4% of the '1I radioactivity in the incuba- 2% of the total radioactivity were eluted in the buffer control, this would be equivalent to 0.9 X 10' mol hormone. By using Sephadex G-25 (fine), the addition of nonradioactive hormone to the ['"I]hormone had no effect on the magnitude of elution of [MI]radioactivity either with the buffer control or with incubation mixtures containing bovine serum albumin or histone.
It should be noted that the magnitude of bound hormone is an estimated value and might vary depending on the method of separation of bound and free hormone. The Sephadex column method for estimation of bound hormone can be utilized if the chromatography procedure does not result in the dissociation of bound hormone. Since the dissociation rate of the hormone-receptor complex is extremely slow at 0C (Fig. 7) , it seems unlikely that elution of bound hormone on Sephadex columns at 0°C would result in the dissociation of bound hormone. This was confirmed experimentally, in that the magnitude of bound hormone was identical if the sample was eluted 1 or 30 min after application to the column. This indicates that the Sephadex column environment does not appear to enhance the dissociation of bound ["IJ] T3 and that the method likely gives a valid indication of the magnitude of bound hormone in the incubation mixture.
For kinetic studies of binding and dissociation at 370C, separation of bound from free hormone was determined as described for incubations at 0°C, except that Sephadex G-25 (coarse) was used. This permitted rapid application of the sample to the column bed. After incubation at 370C, the sample was placed in an ice bath for 45 s and then applied to a Sephadex G-25 (coarse) column at 4VC. The sample permeated the gel bed in approximately 30-45 s.
The free hormone rapidly bound to the column, and at the temperature of 0-4°C, dissociation of macromolecular bound hormone occurred at an extremely slow rate (Fig. 7) , which permitted an estimation of the extent of binding at 37'C. With control samples containing only extraction buffer, 1.0-1.5% of the total '5I radioactivity was eluted by 1.5 ml of STM buffer if the Sephadex G-25 (coarse) columns were prepared at least 2-4 h before use and the flow rate was no greater than 1.5 ml/min. Occasionally for unknown reasons, unlike Sephadex G-25 (fine), a higher percent of radioactivity eluted with extraction buffer containing ['5I]hormone compared to that which also contained a molar excess of nonradioactive hormone. Therefore, before use in a binding experiment, the percent of '5I radioactivity eluted with [5I]hormone, as well as with a molar excess of nonradioactive hormone, was examined. The Sephadex G-25 (coarse) columns were used only if the eluted counts were identical.
Calculation of high-affinity and low-affinity hormone binding. The 'I radioactivity eluted after incubation with nuclear extract or cytosol with a ['MI]hormone concentration reflects binding to specific high-affinity saturable binding sites, "non-specific" low-affinity nonsaturable binding sites and unbound "2I radioactivity which elutes from the column reflected by the buffer control.
The total hormone bound (high-affinity as well as low- nonradioactive hormone had no effect on the estimated magnitude of low-affinity hormone binding.
The magnitude of specific high-affinity hormone binding was calculated by subtracting the low-affinity binding from the total hormone bound at a specific ['5I]hormone concentration. Alternatively, the magnitude of specific highaffinity binding can also be determined without calculation of the low-affinity binding or the radioactivity eluted with the buffer control by determining the extent of inhibition (11) . This was based on a greater degree of extractability from nuclei at pH 8.5 compared to pH 6.0 and relatively less inactivation by trypsin compared to chymotrypsin and Pronase (11) .
To examine the nature of the thyroid hormone nuclear binding activity in vitro, we chromatographed the binding activity after association with ['I]T3 in vitro on a weak carboxylic acid column of Bio-Rex 70 (21) . Nonhistone proteins elute from the column with 0.4 M NaCl, and histones elute at 1.0 M NaCl. Fig. 4 illustrates that 0.4 M NaCl eluted a coincident ['I]T3 peak and protein peak. Application and elution of the radioactive peak on Sephadex G-25 (fine) columns indicated that the [2I]T3 maintained its association with the binding activity. A protein or radioactive peak was not detected after elution of the column with 1.0 M NaCl. A similar study using 0. 4 (Fig. 5) . After a 2-h incubation at 00C, the bound hormone was quantitated, and the magnitude of saturable binding at each protein concentration was determined by the extent of inhibition by nonradioactive T3. Each point represents the mean of three determinations, and each determination did not vary more than 12% from the mean.
clear extract at 00C. The binding was studied at 00C to minimize proteolytic activity in the rat liver nuclear extract in order to compare the hormonal affinities with those of GH, cell nuclear extract. Fig. 9 illustrates an estimation of the Kd for ['"I]T3 and ['I]T4 binding to GH1 cell nuclear extract by the method of Scatchard after a 2-h incubation at 00C (20) . The Kd for hormone binding with the GH1 cell nuclear extract was estimated to be 1. (6) as well as 1/10th the affinity for high-affinity nuclear binding sites (7, 8) . The 
estimated Kd for ['I] T3
binding with the solubilized nuclear binding activity of GH1 cells and rat liver are also virtually identical to the Kd estimated with isolated GH1 cell and rat liver nuclei in vitro (10) . Although the number of binding sites for T3 and T4 appeared to be identical for rat liver nuclear extract, the T3 and T4 binding curves did not always intersect at precisely the same point (Fig. 9 ). This might suggest that T3 and T4 bind to dissimilar binding moieties in the nuclear extract. incubation of intact cells with hormone. This indirectly implied that the mechanism of thyroid hormone binding to nuclei with intact cells might occur by molecular mechanisms similar to that reported with steroid hormones (23) . By this mechanism, T3 or T4 would initially interact with a cytosol receptor, and after a temperature-dependent conformational change, the hormone-receptor complex would associate with nuclear acceptor sites. Our prior observations, however, were more consistent with the possibility that thyroid hormone stabilized the nuclear binding activity sufficiently was examined at 0°C and found to be similar to that determined with nuclear extract (Fig. 5) . These results in cytosol contrast with our observations of the relative affinities of T3 and T4 binding with nuclei of intact GH1 cells (7, 8) and nuclear extracts of GH1 cells and rat liver. The 10-fold greater affinity for T4 compared to T3 in cytosol also contrasts with the observed greater intrinsic biologic activity of T3 determined with cultured GH1 cells and intact rats (6, 24) . This suggests that the observed cytosol binding activity is likely not related to the nuclear binding activity nor to the observed biologic effects of the thyroid hormones. The results do not exclude the possibility, however, that a cytosol receptor not detected by our in vitro determination is involved in the action of the thyroid hormones. Our observations with GH1 cell cytosol also suggest that the nuclear binding activity determined with isolated nuclei and nuclear extracts of GH1 cells and rat liver does not result from a nonspecific association of cytosol components with nuclei during the isolation procedure.
DISCUSSION
Our previous studies indicated that putative nuclear receptors for the thyroid hormones could be detected if ['I]T3 or ['I]T4 were incubated with intact GHi cells in culture (7, 8) . The estimated Kd for nuclear binding with whole cells was 2.9 X 10' M for T3 and 2.5 X 10' M for T4 (7, 8) . In addition, the total number of estimated nuclear binding sites were similar for both hormones, and the binding of one hormone was completely inhibited by the other. This suggested that both T3 and T4 associate with the same binding moiety in the nucleus. These estimated Kd values for nuclear binding in whole cells were sufficiently similar to the estimated free hormone concentrations which induced a half-maximal increase on GH1 cell replication to suggest that these high-affinity nuclear binding activities functioned as hormonal receptors (6, 8 (26) . Although estimation of hormonal affinity in vivo cannot be analyzed under equilibrium conditions, the similarity of the binding affinities also suggests that the nuclear binding activity which we observe in vitro is the same as observed in vivo.
We have previously reported that the nuclear binding activity extracted from GH1 cell nuclei, as well as rat liver and rat kidney nuclei, could reassociate with ['I]T3 under in vitro conditions (8, 12) .
In our current studies, we have demonstrated that the nuclear binding activity from GHI cells and rat liver can be extracted from nuclei with no apparent change in hormonal affinity.
The fact that the binding activity did not sediment after centrifugation at 150,000 g for 3 h indicates that the extracted binding protein is likely in a soluble form. This does not rule out the possibility that the binding activity might remain association with small fragments of nucleic acid.
The estimated Kd for T3 binding with nuclear extract was 1.8 X 10°M for GH, cells and 1.57 x 10-10 M for rat liver. These Kz values are virtually identical to those determined with isolated GH, cell and rat liver nuclei in vitro (10) . In addition, the affinity for T4 binding with both nuclear extracts was approximately 1/10th of that observed for T3. The 10-fold greater affinity for T3 compared to T4, as well as the fact that either hormone can inhibit the binding of the other in vitro, is identical to our previous observations on the nuclear binding with intact GH, cells (8) . The 10-fold greater affinity for T3 compared to T4 with the nuclear extract also agrees with our observations that T4 has approximately 1/10th the intrinsic biologic activity of T3 (6) .
To further document that the binding of T3 and T4 with nuclear extract in vitro reflects a biologically relevant association with hormonal receptors, we also examined the cross-reaction with a variety of hormonal analogs with ['I]T3 in vitro (27) . The extent of crossreaction with GHI cell and rat liver nuclear extract was: 3,5,3'-triiodo-D-thyronine (22%), 3,5,3',5'-tetraiodo-D-thyronine (1.7%), 3,5-diiodo-L-thyronine (0.36%), and L-thyronine (0.23%). These relative affinities are virtually identical to the relative differences in the biologic activity of the hormonal analogs with cultured GHL cells (6) . In addition, these observations on the cross-reactivity of the hormonal analogs with T3 in vitro are similar to the observations of Oppenheimer, Schwartz, Dillman, and Surks after injection of the hormonal analogs in vivo (28) .
This further supports our conclusion that the in vitro association of T3 and T4 with nuclear extract reflects a biologically relevant association with hormonal receptors and that the in vitro binding activity is the same moiety as that observed under in vivo conditions.
We examined the biochemical nature of the nuclear binding activity after association of [ (29) . Our studies, however, are in contrast with Surks et al. (11) and DeGroot et al. (29) , in that these investigators reported that specific association of ['I]-T3 did not occur with nuclear extract in vitro. This Thyroid Hormone Binding with Solubilized Nuclear Receptors In Vitro might have resulted from significant proteolytic activity in the extract due to the different methodology of nuclear isolation or to the composition of the incubation mixture used to quantitate the nuclear binding activity.
Cytosol-binding proteins for the thyroid hormones have been previously reported by several investigators. Hamada, Torizuka, Miyake, and Fukase reported that liver cytosol contained distinct binding proteins for T3 and T4 (30) . Spaulding and Davis reported that the liver cytosol of male rats contains two distinct proteins with estimated mol wts of 95,000 and 45,000 (31). Sufi, Toccafondi, Malan, and Ekins reported that the cytosol of porcine anterior pituitary contained binding proteins for T3 and T4 (32) . The estimated Kd for binding was 7 X 10' M for T4 and 2.5 X 10' M for T3 (32) . The greater affinity for T4 compared to T3 in porcine pituitary cytosol is similar to our observations with cytosol of GHL cells. In GH, cell cytosol the estimated Kd for hormone binding was 2.87 X 10' M for T4 and 1.13 X 10' M for T3. In addition, the fact that GH, cell cytosol contained a similar number of binding sites for T3 and T4 and that either hormone can inhibit the binding of the other suggested that both hormones associate the same binding species. Although the cells were extensively washed free of media, we cannot exclude the possibility that the cytosol binding activity represents serum binding protein which was taken up or associated with the surface of the cells. The marked difference in affinity for T3 and T4 with the nuclear extract when compared with the cytosol binding activity, however, indicates that binding with nuclei or nuclear extract in vitro does not reflect association of the observed cytosol components with nuclei during tissue fractionation.
The precise biologic role of the cytosol binding activity is not clear. The 10-fold greater affinity for T4 compared to T3 are inversely related to observed intrinsic biologic activity of these hormones (6, 24) . A significant question relates as to whether the thyroid hormones associate directly with nuclear receptors in whole cells or require an initial interaction with a cytosol binding protein. Our previous observations with intact GH, cells did not demonstrate a kinetic transfer of cytosol-bound ['I]T3 to nuclei (8) . Cytosol binding activities with intact GHE cells similar in affinity for T3 as nuclear sites were also not detected. These findings support the concept that T3 or T4 associate directly with binding sites in the cell nucleus without a primary interaction in the cell cytosol.
It remains possible, however, that a putative biologically relevant cytosol receptor is involved in the action of the thyroid hormones. This binding activity might be unstable or require specific activation conditions for association with thyroid hormone in vitro. Alternatively, the cytosol binding activity determined in vitro might function as a factor which converts T4 to T3 in vivo.
Our current studies indicate that high-affinity nuclear binding proteins for T3 and T4 can be isolated in a soluble and stable form with no apparent change in hormonal affinity after dissociation from nuclei. The binding activity has characteristics of a nonhistone protein, and the association with T3 and T4 as well as with hormonal analogs suggests that the binding activity determined in vitro likely functions as a receptor for the thyroid hormones in vivo. Extensions of these in vitro studies should allow for resolution of the mechanisms of action of the thyroid hormones at the molecular level.
